We investigate the energy band structure and the spin-dependent transport for a normal/ ferromagnetic/normal two-dimension topological insulator (TI) junction. By diagonalizing Hamiltonian for the system, the band structure shows that the edge states on two sides are coupled resulting in a gap opening due to the transverse spatial confinement. Further, the exchange field induced by magnetic impurities can also modulate the band structure with two spin degenerate bands splitting. By using the nonequilibrium Green's function method, the dependence of spin-dependent conductance and spinpolarization on the Fermi energy, the exchange field strength and the ferromagnetic TI (FTI) length are also analyzed, respectively. Interestingly, the degenerate conductance plateaus for spin-up and -down channels are broken, and both the conductances are suppressed by magnetic impurities due to the time-reversal symmetry broken and inelastic scattering. The spin-dependent conductance shows different behaviors when the Fermi energy is tuned into different ranges. Moreover, the conductance can be fully spin polarized by tuning the Fermi energy and the exchange field strength, or by tuning the Fermi energy and the FTI length. Consequently, the junction can transform from a quantum spin Hall state to a quantum anomalous Hall state, which is very important to enable dissipationless charge current for designing perfect spin filter. V C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Since the prediction and realization of topological insulators (TIs), this new class of quantum materials has attracted a growing interest due to its scientific significance and potential applications.
1-7 A TI possesses gapless and spin-split surface/edge states, which are protected by bulk topological properties and, therefore, robust against disorder and contamination. 2, 8, 9 Such a kind of quantum matter has a fully insulating gap in the bulk and gapless helical surface or edge states on the boundary, 2, [8] [9] [10] which is of significance in fundamental condensed matter physics and application in spintronics and topological quantum computation. 11, 12 The property of a two-dimensional (2D) TI, also named the quantum spin Hall (QSH) insulator, has been confirmed by transport measurements 3, 4 in HgTe/CdTe quantum wells, where the helical state electrons propagating along the channel in the two opposite directions and forming Kramer pairs which are protected by the time-reversal symmetry (TRS) against elastic backscattering. [5] [6] [7] Recently, some theoretical and experimental works have showed that the edge or surface states can persist in the magnetic TIs resulting in some interesting magnetoelectric phenomena even though the TRS breaks. 13, 14 The quantum anomalous Hall (QAH) state is another quantum state of 2D Dirac electron gas where a longitudinal electric current gives rise to a quantized transversal Hall conductance without an external magnetic field. Both the QSH and QAH effects have been proposed or realized in magnetically doped TIs without TRS, [15] [16] [17] [18] such as Mn-doped HgTe/CdTe quantum wells 15 and Cr-doped (Bi,Sb) 2 Te 3 thin films. 16 For practical applications of 2D TI, it is essential to develop some means of controlling and modifying their edge states. To date, some interesting properties have been demonstrated in TI systems due to finite-size effects 19 or ferromagnetic coupling to the edge states. 15, [20] [21] [22] With the reduction of width for a 2D TI Hall bar, the edge states on the two sides can couple together to generate a gap in the energy spectrum, which breaks the edge channels even in the clean limit. 19 In addition, the QAH effect has been predicted in HgTe/CdTe quantum well by doping magnetic Mn atoms, 15 in which only one pair of subbands is inverted and the other pairs of subbands are normal by some means. 15, 16 In this case, at a given edge, there is only one edge state which is spin polarized and survived in the bulk gap. This spin-polarized current is dissipationless along the edge channel, as a consequence, the only resistance is the contact resistance. 18 Therefore, the dissipationless charge current of this QAH state has many potential applications in spintronics, [23] [24] [25] [26] [27] and we address this issue here. In this paper, we present a theoretical investigation on the spin-dependent transport for a normal/ferromagnetic/ normal 2D TI junction, where the ferromagnetic TI (FTI) is a Mn-doped HgTe/CdTe quantum well. The spin-dependent conductance for the edge states has been calculated by using the nonequilibrium Green's function (NEGF) method 28, 29 and been understood within the framework of the band structure from diagonalizing the Hamiltonian for the system. 30 It is found that the edge states on two sides are coupled resulting in a gap opening due to the transverse spatial confinement. Further, the exchange field induced by magnetic impurities leads to two spin degenerate bands splitting, thus spin-up gap decreases and spin-down one increases, and the two spin bands stagger as the exchange field strength is enhanced. Moreover, the degenerate conductance plateaus are broken for spin-up and -down channels, and both the spin-up and -down conductances are suppressed by magnetic impurities. The spin-dependent conductance shows different behaviors when the Fermi energy is tuned into different ranges, by tuning the Fermi energy and the exchange field strength, or by tuning the Fermi energy and the ferromagnetic TI (FTI) length, the spin-dependent conductance can be fully spin polarized, i.e., the spin-polarization approaches to 1 or À1. Therefore, the junction can be transformed from a QSH state to QAH one, which is very important to enable dissipationless charge current in spintronics devices. 24, 25 The rest of the paper is organized as follows. In Sec. II, we introduce the Hamiltonian and the corresponding formalism based on the NEGF method. Some numerical examples and the discussions on the results are demonstrated in Sec. III. Finally, Sec. IV concludes the paper.
II. MODEL AND METHOD
The device model considered here is a junction of 2D TI Hall bars with width W depicted in Fig. 1 , where the left and right sides are normal while the middle region with length L is a ferrimagnetically doped 2D TI (FTI), such as Mn-doped HgTe/CdTe quantum well. 15 A square lattice with four special orbit states js; "i; jp x þ ip y ; "i; js; #i and jÀ ðp x Àip y Þ; #i on each site in the tight-binding representation is considered, 30 where " and # denote the electron spin-up and -down, respectively. Through symmetry consideration, the effective Hamiltonian for the 2D FTI can be written as 15, 21, 30 
where
is the Hamiltonian for a clean 2D TI without magnetic impurities, and
is the Hamiltonian for the effective ferromagnetic exchange contribution by Mn magnetic dopants, here the nondiagonal elements and Ruderman-Kittel-Kasuya-Yosida interaction 31 are neglected, and only the giant Zeeman term is considered for simplicity. This means that the spin-flip process is not important since the spin relaxation time in a HgTe quantum well is long. In the above Hamiltonians, a is the site index, dx and dy are unit vectors along the x and y directions, respectively. / a ¼ ða a ; b a ; c a ; d a Þ T represents the four annihilation operators of electron on the site a at special states js; "i; jp x þ ip y ; "i; js; #i and j À ðp x À ip y Þ; #i, respectively. E s and E p are matrix elements of on-site energy with
, and V sp are the five independent parameters that characterize the clean HgTe/CdTe quantum well with V ss=pp ¼ ðD6BÞ=a 2 and V sp ¼ ÀiA=ð2aÞ. Here, a is the lattice constant, and all the parameters A, B, C, D, and M can be varied experimentally. 3 In H I , g a and g b are Land e-g factors for two special orbit states, and E m is the magnetic impurity induced effective exchange field which can be adjusted by changing the concentration and spin polarization of the magnetic dopants. 15, 32 It is worthy to be noted that the two g factors as well as the effective exchange energies, g a E m and g b E m , for the two orbit states are generally different, i.e., g a =g b % 0:24 for a Mn-doped HgTe/CdTe quantum well, and sp-d exchange coupling indeed gives opposite signs for Àg a E m and g b E m . 15 For convenience, we adopt the mean value and half difference of the Land e-g factors g 0 ¼ (g a þ g b )/2 and dg ¼ ðg a À g b Þ=2, which are responsible for the breaking of the spin and orbit degeneracies (or sublattice symmetry).
In our calculations for transport, a small external bias V ¼ V L À V R is applied between the two terminals of the clean HgTe/CdTe quantum well as the source and drain leads to avoid redundant scattering from mismatched interfaces between the leads and central region. By using the Landauer-B€ uttiker formula, the conductance with spin index r can be expressed as 33 Therefore, the spin-polarization can be obtained by
By directly diagonalizing Hamiltonian (1) and adopting the periodic boundary condition along the x direction, we can also calculate the energy band for the system, 30, 34 and the details for calculation are neglected here for saving space.
III. RESULTS AND DISCUSSIONS
In what follows, we present the band structure and some numerical examples of the spin polarized conductance for the system. The parameters of the HgTe/CdTe quantum well 3 is chosen as A ¼ 364.5 meV nm,
, and M ¼ À10 meV, which correspond to the realistic well with 7 nm of thickness exceeding the critical thickness 6.3 nm to invert the band. 3 The lattice constant is adopted as a ¼ 5 nm. We adopt g 0 ¼ 1 and dg ¼ À0.61 to guarantee g a =g b % 0:24 and opposite signs for Àg a E m and g b E m in a Mn-doped HgTe/CdTe quantum well. 
respectively, where the (red) thick solid line is for edge band and the (black) thin solid line for bulk one. In the absence of magnetic impurities, as shown in Figs. 2(a) and 2(d), the spin-up and -down bands are degenerate. There is a series of asymmetrical bulk subbands with respect to E ¼ 0 for both spin-up and -down bands due to the finite size confinement. 30 Moreover, because of the transverse confinement across the finite width, the edge states on the two sides of Hall bar are coupled together to generate a gap in the energy spectrum. 19, 35, 36 However, this gap can be decreased in amplitude with the increase of the bar width. Interestingly, in the presence of magnetic impurities, the two spin degenerate bands are split with spin-up band gap decreasing and spindown one increasing. Further, the two spin bands stagger for spin-up band heightening and spin-down one lowering simultaneously due to the TRS broken induced by the effective exchange field. This is consistent with the result in relevant previous work. 16, 21 More specifically, the gap decreases for spin-up but increases for spin-down, and this becomes more and more pronounced with the increase of E m as shown from Figs. 2(b) and 2(e) to 2(c) and 2(f). Consequently, spindown states penetrate much deeper into the bulk, leaving only spin-up edge states bounded more strongly to the edge.
In Fig. 3 , we present the calculated spin-polarized conductance (in units of e spin-up and -down orientations due to the existence of bulk subbands. However, the degenerate conductance plateaus are broken and both the spin-up and -down conductance are suppressed with magnetic impurities due to the TRS broken and inelastic scattering, as shown by the (red) dashed lines in Fig.  3 , thus induces the forward-and backward-moving electrons interference and leads an oscillation of the conductance in the bulk channel. More interestingly, when the Fermi energy E F lies in valence band, i.e., E F is below the gap, the spin-up conductance is greater than spin-down one, while the spin-up conductance is less than spin-down conductance when E F lies in conduction band. These characteristics can be understood by the band structures shown in Fig. 2 , where the effective exchange field results in the decrease/increase of spin-up/-down band gap with two spin bands staggering. Consequently, the electron tunneling for spin-up channels is much easier than that for spin-down ones, when E F is below the gap. On the contrary, the electron tunneling for spin-up channels is much harder than that for spin-down ones as E F is above the gap. In addition, as expected, both spin-up and -down conductances increase, and the zero value gap decreases with the increases of system width as shown by the (blue) dotted and (green) dash-dotted lines in Fig. 3 . Figure 4 shows the spin-dependent conductance (in units of e 2 /h) and spin-polarization P versus exchange field strength E m (in units of meV) with different Fermi energies E F for dimensions of W ¼ 40 nm and L ¼ 50 nm. It is seen that both the spin-up and -down conductances are always zero with the increase of E m [see the (red) dashed lines in Figs. 4(a) and 4(b) ] when E F ¼ 10 meV. This is because that the electron transport is completely blocked due to E F locating in the energy gap (see Fig. 2 ). When E F lies in the valence band, e.g., in the case of E F ¼ 2 meV shown by the (black) solid line in Fig. 4(a) , the spin-up conductance decays in an oscillatory way as E m increasing, while spin-down conductance decreases monotonically nearly to zero [see the (black) solid line in Fig. 4(b) ] with E m increasing. This trend corresponds to the results shown in Fig. 3 , and a similar oscillatory behavior has been observed in previous FTI system. 21 The reason for this phenomenon can also be understood by the band structures shown in Fig. 2 , where the spin-up band gap decreases but spin-down band one increases as E m increases, thus resulting in these two different behaviors. However, when E F lies in conduction band (E F ¼ 20 meV), as shown by the (blue) dotted lines in Figs.  4(a) and 4(b) , the spin-up conductance decreases monotonically, but the spin-down one nearly keeps unity value as E m increasing due to the above mentioned reason. Moreover, we can observe that the spin-polarization strength P approaches to unit value with the enhancement of E m correspondingly when E F ¼ 2 meV [see the (black) solid line in Fig. 4(c) ], while P decays to about À0.5 when E F ¼ 20 meV [the (blue) dotted line in Fig. 4(c) ]. In this case, it should be pointed out that the conductance can be fully spin polarized by tuning the Fermi energy E F and the exchange field strengths E m , i.e., the system transforms from a QSH state to a QAH state. 15, 16 This effect enables dissipationless charge current in spintronics devices, which may be designed as a perfect spin filter. 24, 25 It seems worthy to be noted that the spin filter is realized by controlling the TI configuration in previous works, 24, 25 but here realized by doping magnetic Mn atoms into TI is easily controlled experimentally.
In Fig. 5 , we demonstrate the dependence of conductance (in units of e length L (in units of nm) with different Fermi energies E F , where the exchange field strength and the width are taken as E m ¼ 8 meV and W ¼ 40 nm, respectively. As expected, when E F is tuned into the energy gap (E F ¼ 10 meV), as shown by the (red) dashed lines in Figs. 5(a) and 5(b), both the spin-up and -down conductances always exhibit zero value, which is similar to that in Fig. 4 . When E F lies in valence band (E F ¼ 2 meV), as shown by the (black) solid line in Fig. 5(a) , the spin-up conductance exhibits oscillation behavior, which is a reminiscent of the anomalous tunneling of massless Dirac fermion (Klein tunneling). 37, 38 However, the spin-down conductance decreases monotonically to zero value [see the (black) solid line in Fig. 5(b) ] as L increasing, because of the exchange field leading to the increase of the spin-down band gap. The greater the L is, the harder for spin-down electrons to transmit through the system. In contrast, when the Fermi energy E F lies in conduction band (E F ¼ 20 meV), as shown by the (blue) dotted lines in Figs. 5(a) and 5(b), the spin-up conductance decreases monotonically to nearly zero value as L increases, while the spin-down conductance behaves in a very slight oscillatory way due to the same reason. Moreover, the spin-polarization P approaches rapidly to unit value with L enhancement correspondingly when E F ¼ 2 meV [see the (black) solid line in Fig. 5(c) ], while P decays to nearly À1 when E F ¼ 20 meV [see the (blue) dotted line in Fig. 5(c) ]. We again notice that the FTI length L is a tunable parameter, therefore, the conductance can also be fully spin polarized by tuning the Fermi energy E F and the FTI length L, which may be very useful to design a perfect spin filter. 24, 25 
IV. SUMMARY
In summary, we have demonstrated the energy band structure and the spin-dependent transport for a normal/ferromagnetic/normal 2D TI junction, where the FTI is a Mndoped HgTe/CdTe quantum well. Our results have revealed a band gap opening due to the transverse spatial confinement and the edge states on the two sides coupling together. This gap can be decreased in size with the increase of width for both spin-up and -down channels. The exchange field induced by magnetic impurities makes two spin degenerate bands splitting, with spin-up band gap decreasing and spindown band one increasing, and the two spin bands staggering. We also calculated the spin-dependent conductance and analyzed its dependence on the Fermi energy, the exchange field strength and the FTI length, respectively. The spindependent conductance shows that the degenerate conductance plateaus are broken for spin-up and -down channels, and both the spin-up and -down conductances are suppressed by magnetic impurities. The spin-dependent conductance shows different behavior when the Fermi energy is tuned into different ranges, therefore, the conductance can be fully spin polarized by tuning the Fermi energy and the exchange field strength, or by tuning the Fermi energy and the FTI length. In this case, the system transforms from a QSH state to a QAH state, which enables dissipationless charge current in spintronics devices. And this dissipationless charge current of the QAH state has many potential applications in spintronics, which can be used to achieve a perfect spin filter in TI-based devices. Moreover, The Fermi energy, the exchange field strength, and the FTI length can be controlled experimentally, therefore, our work may provide a simple way for designing a perfect spin filter.
